We propose and demonstrate the use of phase images for content-addressable holographic data storage. Use of binary phase-based data pages with 0 and p phase changes, produces uniform spectral distribution at the Fourier plane. The absence of strong DC component at the Fourier plane and more intensity of higher order spatial frequencies facilitate better recording of higher spatial frequencies, and improves the discrimination capability of the contentaddressable memory. This improves the results of the associative recall in a holographic memory system, and can give low number of false hits even for small search arguments. The phase-modulated pixels also provide an opportunity of subtraction among data pixels leading to better discrimination between similar data pages.
Introduction
Holographic data storage is a promising technology for the storage of large amount of data. The principle of multiplexing two-dimensional data pages has made possible page oriented volume holographic memories with added features like high capacity and high data transfer rates [1] [2] [3] [4] [5] . Thick photorefractive holograms have the potential for widespread applications in many areas such as interconnections and switching [6, 7] . In addition, volume holographic memories allow searching of all their contents in a single step by performing multiple optical correlations between stored data pages and a search argument [8] . If a holographic data bank consisting of N multiplexed data pages is illuminated by a search argument S, all the reference beams used to multiplex the data pages will be reconstructed simultaneously. The amount of power diffracted into each output beam is proportional to the correlation between the input page and the stored data page. This property of content addressability can be exploited for fast content search operations in a database. Earlier works in this area have clearly demonstrated the strong potential and wide applications of this technique in a practical binary database environment, which cannot be provided by the current data storage technologies that are serially addressed [9, 10] . Although the results of a contentaddressable holographic memory are promising, studies have highlighted the system drawbacks, which lead to false hits and mismatches while performing search operations. Hence the system needs further improvement in order to be used as a foolproof system for associative retrieval [11] .
While performing a search operation in content-addressable memory, the search argument is multiplied with all the stored data pages and the incident beam will be diffracted into all the reference beams. The amount of power diffracted into each output beam is proportional to the correlation between the input data page and the stored page. So it is the diffracted power in the correlation peak that measures the similarity between the data page and the search argument. However, the diffracted signal intensity of each spot depends on several factors [12] . Among them two main factors affecting associative read-out can be listed as follows.
(i) Deterministic signal variations which are introduced by the hologram-to-hologram variations like diffraction efficiency or by nonuniform illumination across the SLM. (ii) The dark signal that comes due to finite contrast of the SLM pixels. During a search operation with a small search argument, the remaining pixels, which are supposed to be OFF, are not completely OFF but transmit a small amount of light to the storage material. Their diffracted contributions get superimposed and can easily exceed the signal from a few ON pixels. The deterministic variations in (i) can be reduced by postprocessing or preprocessing techniques [13] . Kobras [12] has developed a technique for compensating the diffraction efficiency variations. Fluctuations in diffraction efficiency can be calibrated for each hologram and a scale factor applied to the detected signal values. The nonuniform illumination across the SLM can be compensated for by the predistortion technique [13] of controlling the ON time of the SLM pixels or using gray values.
In the present paper, we propose the use of phase-image-based holographic data storage for a better performance in content-addressable memories. The use of phase data page has the following distinctive advantages for content-addressable holographic memory. (i) In general, a digital data page is binary and has random like structure. Hence the representation of the data on a p phase change SLM can produce a Fourier transform with uniform spectral amplitude distribution. Removal of the high intensity DC term facilitates the effective use of the dynamic range of the crystal. Hence a better recording of higher spatial frequencies is possible. (ii) Use of phase images for associative retrieval provides improved discrimination capability when compared to amplitude images. This can improve the results of the associative recall in a holographic memory system with lower number of false hits. (iii) Phase-modulated pixels can be used for subtraction of data pixels while doing content-search operation leading to enhancement in discrimination between similar data pages with varying amount of matched pixels.
Principle
A bit is the smallest unit of information in a digital data page. In binary data pages a bit can take either the value 0 or 1. Usually a group of pixels together forming a super pixel represent a bit of data. In amplitude-based data pages, 0 is represented by OFF state of the pixel and 1 by the transmitting state (ON) of the pixel, whereas in phase-modulated data pages, the data bits will be represented as phase modulations of the pixels.
In order to develop a reliable technique of content addressing and an effective coding scheme, it is quite essential to understand the fundamental process of generation of the diffracted signal (correlations) as a function of the input search pattern. The degree of similarity between a stored page and a search pattern is usually measured by the intensity of the correlation peak. Hence we can use a detector array to measure the diffracted light intensity as correlation peaks from each hologram with proper binning of array pixels.
The mth N bit image stored in the memory can be represented as the summation of W plane waves. In the Fourier plane, Nth bit of the image is a plane wave propagating with a propagation vector k n . Let A m be the amplitude and / m , the phase of the Wth plane wave. Then the mth image can be represented as 
For associative retrieval we use a search argument for addressing the databank. Let the search argument of N bits be represented as
The reconstructed field after considering the Bragg mismatch is given by Eq. (9) represents a simple expression for the intensity of the correlation peak while performing a content search operation. A rigorous expression can be obtained using the scalar diffraction theory approach. As given by Eq. (9), the intensity of the different correlation peaks depends on the inner product between the search argument and the original object pattern.
Hence for an amplitude-based data page, the diffracted intensity corresponding to each hologram will be proportional to the number of matching ON pixels. For the phase data pages, we can see that all the phase pixels transmit amplitude-wise whether it represents a 0 bit or 1 bit. Hence the intensity contributions depend on the phase modulations / m n and / n p. For the case when the data bits 0 and 1 are represented by 0 and p phase modulations respectively, while performing read-out, the fields get added or subtracted according to Eq. (9), depending on match or mismatch (+1 or )1). Hence, the correlation peak intensities depend on the total number of matched pixels between search page and the read-out page. Here one interesting thing we can see is that if we are using a subfield of 4 data bits for correlating, a full match of all bits will give amplitude of 4 and an intensity of 16. If there is one bit mismatch, then we get amplitude of 2 (1 þ 1 þ 1 -1) and an intensity of 4 instead of a 9 in the amplitude case. Hence we can see that the discrimination between a full match and a near match is more emphasized in the phase-modulated pixel case. But at the same time, this can lead to a serious danger. When all the pixels are anti-matching then also it will give an amplitude of )4 and high peak of +16 on squaring which leads to a false correlation. Hence the existing coding techniques have to be modified to avoid these flaws and a novel coding technique should be formulated to be used in phase-imagebased holographic data storage system.
One of the most desirable geometries for content-addressable memory is the 4-f architecture with the recording being done at the Fourier plane [14] . The system performs true correlations only when the holograms are recorded exactly at the Fourier plane. The accuracy of the system depends on the power diffracted into the correlation peak. But the main drawback of recording in the Fourier plane is the severely non-uniform beam intensity distribution which occurs at the Fourier plane [10] . The Fourier transform of a purely amplitudemodulated beam will have a high intensity DC component which utilizes most of the dynamic range of the recording material. These intensity peaks, which convey little information, tend to saturate the material, while the information-rich low intensity regions are recorded weakly. There are two ways to get away from this problem. One is to record the hologram away from the Fourier plane. Another possible way is the use of random phase masks [15] [16] [17] [18] . The first method is commonly utilized in holographic storage and it has been found [12] that while going away from the Fourier plane, the system no longer performs true correlations and the intensity of the correlation peaks becomes pattern dependent. So this will lead to ambiguous results and false hits while performing a content search operation. Hence in associative retrieval, we prefer recording at the Fourier plane. It is not desirable to go away from the Fourier plane unless there is no way to remove the strong DC component which affects the fidelity of the reconstructed images.
A uniform distribution of object beam spectral intensities at the Fourier plane is necessary for optimal use of both the beam ratio between the reference and the signal (which improves the diffraction efficiency), and the limited intensity range for linear response (necessary for fidelity between reconstruction and input). Burckhardt [15] had introduced the concept of use of a two-level phase mask in addition to the data page, to overcome the problem of non-uniform intensity distributions. In the present paper, a two-dimensional data page is represented as a phase image, which effectively serves as a two-level phase mask (with data embedded in the phase mask itself), with the ZEROs and the ONEs represented by a phase change of 0 and p respectively. Due to the coding of the digital data, in general, the distribution of ZEROs and ONEs on a digital data page is similar to a binary random page. The Fourier transform of such a phase-modulated digital data page will have a better homogeneous intensity profile in the recording plane facilitating effective recording of all spatial frequencies. Hence a binary phase-based data page will perform better than a binary amplitude-based data page.
The next important aspect to be addressed is the low amount of light reaching the multiplexed data pages while doing an associative retrieval using a small search argument. Betzos et al. [11] have suggested a technique of modifying the search argument in order to allow more light to pass through the SLM by adding a background intensity and by turning on all the pixels which were used for parity check and error coding. Again, the use of phase images offers a superior solution to the problem. For a phase image, since all the pixels in the search argument transmit the incident light, the amount of light that can reach the multiplexed gratings will be maximum for a given size of the search argument and a given input power of the laser source irrespective of the number of 'ONE' bits in the search argument.
Simulation studies
A comparative study of phase and amplitude data pages was performed through simulations.
For that purpose we have generated a databank of 15 different binary data pages each of size 128 x 128 data bits. We have studied two cases: (i) the performance of amplitude and phase images for the size of the search argument, (ii) the effect of noise on the search argument in both phase and amplitude cases. For the first case a search bank with 64 search pages for each data page with size of search argument varying from 1/64th of the original page to full size for each data page creating a database of 64 x 15 = 325 search pages. Now for both amplitude case and phase case, all possible correlations and autocorrelations (15x64x15 correlations) were performed separately and the correlation heights were examined for a hit or mis-hit case and classified accordingly. Now in order to quantitatively measure the discrimination properties, we define discrimination ratio (DR) as highest peak due to interclass correlation DR autocorrelation peak height ð10Þ Now the discrimination capabilities of the phase and amplitude case were compared by plotting the DR vs size of the search argument for phase and amplitude case separately. The DR plots shown in Fig. 1 indicate better DR for phase data pages than for amplitude data pages. From the simulation studies, phase pages always showed much higher discrimination capabilities than amplitude data pages above a size of 10% of the full data page. The next set of studies was carried out with a search bank with search arguments having size 1/4th of the original data page. The rest of the pixels were OFF (0 phase). For each data page, 17 search arguments were generated by adding noise step by step in such a way that the number of matching pixels varied from page to page. As before, the all-possible interclass and intraclass correlations were performed for phase and amplitude case and the results were compared using DR plots shown in Fig. 2 . For the same number of matching pixels, the DR is much better for phase case than the amplitude case. It is to be noted that all these simulations were carried out for an ideal case for which the original data page (the recorded databank) is free of any noise because purpose of our simulations was to compare the performance of amplitude and phase data pages. But in practical case, the recorded databank contains various noises due to the beam non-uniformities, speckle noise in the coherent system, the noises due to scattering and defects in the components as well as the recording media. Further simulations are necessary in the direction of simulating a practical system for comparing the performance of phase data pages with respect to amplitude data pages. 
Experimental demonstration
Our system of content-addressable memory using phase images is shown in Fig. 3 . The wavelength of the laser light was 532 nm. An object beam is modulated by a SLM, which contains the information of input pages. The input data pages were of size 128x128 pixels with 8x8 pixels grouped together to represent one bit of data. We used a TNLC SLM (make: Jenoptik, size: 832x624 pixels, pixel pitch: 32x32 lm) as the input device. The SLM was made to work in the phase mode by rotating the polarizer at the output side of the SLM by 22.5° for displaying the phase images. The ZEROs were represented by a ZERO phase change and the ONES represented by a 0.6p phase change. It is then Fourier transformed and the recording is done at the Fourier plane. The object arm lenses were of 13. angle between the reference beam and the object beam at the crystal was ^23°. We have multiplexed 30 holograms in a span of 2° with the angle between each hologram, Dh ~ 0.06°. The typical exposure times varied between 55 and 45 s. The effects of erasure were not accounted for while performing the experiment. Once the recording of the memory bank is over, we start the read-out or the associative recall phase for doing the search operation. The results showed significant discrimination capacities over amplitude images. While doing the associative retrieval, the search arm intensity was reduced to ~10% of the original object beam intensity. Even then the correlation peaks showed very good discrimination between the neighboring pages. The results for associative recall of three separate data pages using full data pages as search argument are shown in Fig. 4(a) -(c). The recall showed equally good results for all the thirty data pages. We have also studied the discrimination capability of a phase-image-based system with respect to the size of the search argument. Fig. 5 plots the ratio of the peak generated by page 15 to the highest peak among the rest of the pages in a bank of 30 pages w.r.t. the size of the search argument. This demonstrates the remarkable discrimination capability of phase images even when the size of the search argument is nearly half of the original data page. 
Conclusions
Volume holographic correlators provide an attractive technique for searching large databases with their inherent parallel nature of operation. A proper identification of matching data pages however depends on the power that is diffracted into the detected correlation peaks and its position. Hence the peak power gives an accurate measure of the similarity between pages. Use of phase images as input has the following distinct advantages for holographic data storage and specifically to content-addressable memory.
(i) A data page which is a random distribution of 0 and p modulated pixels will lead to a uniform spectral distribution in the Fourier plane. This is much advantageous while recording in the Fourier plane since the strong DC component in the amplitude case has been removed and the higher order spatial frequencies are more intense. Hence this facilitates recording of hologram exactly at the Fourier plane and better recording of higher order spatial frequencies. This will lead to better discrimination capability while doing correlations. (ii) Use of phase images improves the light efficiency of the crystal. Since all the input pixels transmit, irrespective of the phase change, the holographic databank shows a high intensity response. So it is expected that even when the size of the search argument is small, the search beam intensity will be higher and hence result in increased amount of optical power diffracted from the crystal. (iii) The use of phase-modulated pixels for subtraction of wave fronts while content addressing enhances the discrimination between similar data pages with slightly varying number of matching pixels and helps in narrowing down the search to exact matches by choosing proper threshold for the peak intensities. The use of phase images will improve the over all system performance. More conclusive studies are being carried out on the discrimination capabilities of a phase-image-based system for partial input pages. However the existing coding techniques have to be modified to make them suitable for coding data pages as phase modulations. A more detailed study has to be made in formulation of suitable coding techniques.
The binary phase images, which we used for experiments, represented the data bits as 0 and 0.6p phase changes due to the non-availability of an SLM which can give p phase shift. A binary random phase mask of 0 and p=2 phase levels does not give a uniform distribution at the Fourier plane. We expect that the results of associative recall will show more significant improvement if one uses 0 and p phase shifts for representing binary data. A detailed analysis carried out by Bernal et al. [18] on the effect of phase masks has revealed that a two-level phase mask however cannot effectively reduce the variance in irradiance distribution at the Fourier plane, though when compared with amplitude image, a phase image performs better in a practical holographic data storage system. Hence for a practical phase-imagebased system, one may have to go for an optimal defocusing of the correlator. From this viewpoint, a detailed analysis needs to be carried out incorporating phase images into a content-addressable system to study the pattern dependence and also the dependence of width and height of the data bits on correlation peaks while recording away from the Fourier plane.
